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Abstract

Light is a particularly appealing tool for on-demand drug delivery due to its noninvasive nature,
ease of application and exquisite temporal and spatial control. Great progress has been achieved in
the development of novel light-driven drug delivery strategies with both breadth and depth. Light-
controlled drug delivery platforms can be generally categorized into three groups: photochemical,
photothermal, and photoisomerization-mediated therapies. Various advanced materials, such as
metal nanoparticles, metal sulfides and oxides, metal-organic frameworks, carbon nanomaterials,
upconversion nanoparticles, semiconductor nanoparticles, stimuli-responsive micelles, polymer-
and liposome-based nanoparticles have been applied for light-stimulated drug delivery. In view

of the increasing interest in on-demand targeted drug delivery, we review the development of
light-responsive systems with a focus on recent advances, key limitations, and future directions.

The table of contents entry

External control of drug delivery by light allows precise spatial resolution and temporal
control over the release of a wide range of therapeutic compounds, including but not limited

to small molecule drugs, proteins and genes. Triggered by photochemical, photothermal or
photoisomerization-mediated energy, light-controlled drug delivery platforms have impacted
applications ranging from chemotherapy to gene editing and to stem cell differentiation. In this

limg567@mail.sysu.edu.cn, bs@henu.edu.cn, kam.leong@columbia.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tao etal.

Page 2

review, we highlight the recent advances, key limitations, and future directions of light-responsive
delivery systems.
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Introduction

Nanotechnology development leads to a remarkable advancement in science and medicine,
[1] especially in biotechnology and biomedicine-related fields.[2] Nanomaterials-based
drug delivery has emerged as the predominant branch of nanotechnology, enabling

the development of efficient and safe methods for dosage-, temporally- and spatially-
controllable delivery of drugs at therapeutic levels into targeted organs, tissues and even
cells. Various nanomaterials, including metal or semiconductor nanoparticles, magnetic
nanoparticles, upconversion nanomaterials, nanocarbons, silicon nanostructures, polymeric
nanoparticles, cell- and virus-like nanoparticles, have been introduced for drug delivery.

[3] The incorporation of these powerful nanoplatforms with target tags emerges as

the promising and alternative avenue for the evolvement of controlled and targeted

release of therapeutic agents to combat various chronic and acute diseases, including
cancers, inflammation, neurological disorders, rheumatoid arthritis, infections, diabetes and
cardiovascular diseases.[!

Although impressive progress has been made in the applications of promising nanomaterials
as drug release systems, some key challenges remain to be addressed. For example, a lot

of toxic medicines should exhibit “zero-release” property before arriving at the target sites.
Consequently, it is greatly desirable to develop smart nanomaterial-based drug-delivery
systems with the capability to control the release of therapeutic payloads in response to

a given stimulus.[®] Controlled release approaches offer unique benefits such as improved
drug efficacy, minimized toxic side effects, easier control over released drug dosage and
drug protection from the harsh environment.[®] Smart drug delivery systems that can be
self-regulated and respond to a number of stimuli (both alone and in combination) arising
from either the internal physiological environments (pH variations, enzymatic actions, redox
reactions, overexpression of biomarkers, etc.[7]) or remote/external triggers (temperature
changes, competitive binding, ultrasound, light and electrical or magnetic fieldst3" &), have
enabled the precisely controlled delivery of preloaded therapeutic agents. Several excellent
reviews describing these pharmaceutical delivery systems are available.[®: 9]

Among external actuation methods mentioned earlier, light is a particularly appealing tool
for therapeutic applications due to its non-invasive nature, ease of application, robustness

in the biological environment, tuneable intensity and exquisite temporal and spatial control.
Specifically, when compared with other triggers such as temperature and pH, light has

the advantages of exerting no adverse effects on biological environments, an important
prerequisite for clinical applications, as well as allowing for precisely targeted drug delivery
with high spatiotemporal resolution in a non-contact mode, leading to enhanced therapeutic
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efficacy and patient comfort.[1%] As a result, light has been extensively applied in intelligent
targeted delivery platforms for systemic delivery of a variety of therapeutic compounds
such as photosensitizers, chemotherapeutic drug molecules, nucleic acids, proteins and
enzymes, to disease sites.[*!] Distinct wavelengths, ranging from ultraviolet (UV, 200-400
nm) to visible (400-750 nm) or near-infrared (NIR, 750—-2000 nm) light, can be utilized to
activate light responsiveness. Among these, UV light is a relatively poor candidate due to
its limited tissue penetration capacities and potentially carcinogenic effects under prolonged
exposure.[12] In comparison, NIR light has the advantages of lower phototoxicity, improved
penetration depth in biological tissues and reduced background signal, making it more
suitable for biological applications.[6d 131 Whereas, the comprehensive utilization of NIR
light is restricted by the limited energy of the NIR photons, which is insufficient to activate
a lot of photochemical reactions that require high-energy wavelengths. This problem can be
overcome, at least in part, by two-photon absorption or upconversion, which we will discuss
in the following section.[24] Distinct mechanisms have been employed for light-activated
delivery systems, such as photo-driven isomerization and oxidation-reduction reactions,
bond breakage, crosslinking, photo-uncaging and electrostatic assembly.[X5] The light-based
novel delivery platforms can generally be sorted into three broad categories: photochemical-,
photothermal- and photoisomerization-based drug delivery (Figure 1). In this review, we
provide an overview of the main recent achievements related to light-responsive systems,
focusing on the major advances and applications, key limitations and potential areas for
future study.

Photochemically-triggered drug delivery

Photochemically-triggered drug delivery facilitates the release of encapsulated therapeutic
payloads through cleavage of photoscissable covalent bonds present within nanocarriers by
light irradiation. The most common compounds applied in photochemical-triggered drug
delivery include nitrobenzyl, coumarin and pyrene derivatives. The nitrobenzyl moiety can
be irreversibly cleaved to release a free carboxylic acid and nitrosobenzaldehyde upon UV
irradiation.[16] The ester bonds in coumarin- and pyrene-derivatives can also be cleaved
upon irradiation with UV light [17]. They can be employed either as a photocage to inhibit
bioactivity of therapeutic agents, or as a cleavable linker in the delivery vehicle for smart
photo-controlled drug delivery.l'8] Recent advance in nanotechnology has accelerated the
development of various types of nanomaterials applied in photochemical-triggered drug
delivery.[29]

Mesoporous silica-based nanoplatforms for photochemically-triggered small

molecule drug delivery

Mesoporous silica nanoparticles (MSN) have emerged as one type of the most widely used
nanomaterials for photochemical-triggered drug release owing to the high biocompatibility,
tunable pore size, as well as easy surface modification and functionalization, thanks to the
versatility of silane chemistry.[20] Several excellent reviews on MSN have been published.
[21] Drug cargos can be loaded into the pores of MSN, which are then capped by diverse
types of capping agents. Photoirradiation is able to induce the liberation or destruction

of the capping agents. Thereafter, the payload drugs can be efficiently released. The
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first example of MSN-mediated photochemical-triggered drug delivery was reported in
2003 by Fujiwara’s group.[221 Upon irradiation with UV light, the dimerized coumarin on
MCM-41 MSN was photocleaved into coumarin monomers, leading to pore opening and
subsequent release of guest molecules. In addition, Zhu and coworkers utilized coumarin-
modified MSN as a drug delivery vector for anticancer drug release by irradiation with
either one- or two-photon excitation.[24¢: 231 Coumarin anchored on MSN could effectively
act as both the light trigger for uncaging drug delivery and fluorescent tag for imaging
application. Similarly, taking advantage of the o-nitrobenzyl bromide linkage on MSN,

a photoactive delivery system allowing controlled cage and release of drugs or bioactive
molecules was demonstrated.[24] Recently, Liu’s group also introduced the cationic poly[2-
(N, N-dimethylaminoethyl)-methacrylate] anchored on MSN by utilization of a coumarin
linker to adsorb P-glycoprotein short-hairpin RNA, while the photosensitive o-nitrobenzyl
derivative-caged anticancer drug doxorubicin (DOX) was loaded in MSN. The release of
short-hairpin RNA and DOX was proved to be individually regulated by UV and visible
light excitations both in vitroand in vivo.[25]

2.2. Gold and carbon nanovectors for photochemically-triggered small molecule drug

delivery

As one type of well-studied nanomaterials, gold nanoparticles (NPs) were also used as
the nanoscale carrier for light-controlled release of the therapeutic drug fluorouracil via

a terminally-anchored o-nitrobenzyl group. Gold nanoparticles served as both the drug
carrier and cage for the effective release of the payload upon UV irradiation.[26] Another
typical category of photochemical agents for realizing light-controlled drug release are
reactive oxygen species (ROS) photosensitizers. Gao et al. reported a photoresponsive
nanocomposite, which could produce ROS to effectively cause decomposition after

light exposure. The nanocomposite was designed by anchoring graphene oxide on
polyamidoamine-pluronic F68 and encapsulating photosensitizer indocyanine green (ICG)
and DOX. The nanocomposite showed a controlled release of DOX in multidrug-resistant
cells under photoirradiation. Impressively, the nanocomposite efficiently down-regulated
P-glycoprotein and ABCB1 gene of MCF-7 cells, showing great cytotoxicity.[27]

2.3. Organic nanocarriers for photochemically-triggered small molecule drug delivery

In addition to the inorganic nanomaterials, other types of organic nanocarriers,
including polymer nanoparticles,[28] microgelst?®], liposomes,[3% micelles,[32 proteins,
[32] peptides(33] and DNAI34], have also been applied to demonstrate the photocaging/
uncaging behavior.[3] Different types of cargos, including anticancer drugs/prodrugs
(platinum(11) and platinum(1V)-based complexes, DOX, fluorouracil, camptothecin,
tamoxifen, dianthracene and coumarin),[4¢. 26. 31, 361 thiols,[33] and nitric oxide,[37] can
be carried by the photocaging nanocarriers.

DNA and proteins are the most popular natural organic materials utilized for drug delivery
applications owing to the excellent biocompatibility and inherent biodegradability. For
example, the amphiphilicity DNA-camptothecin amphiphiles conjugate connecting with
photolabile 2-nitrobenzyl ether moiety could be cleaved by UV light, leaving the decapped
drug core, which subsequently underwent the spontaneous decomposition process to
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release camptothecin molecules for cancer therapy.[38! Liang’s group developed human
serum albumin nanoparticles decorated with diazirine and encapsulated with tirapazamine
and photosensitizer ICG. Under 405 nm light irradiation, the nanoparticles could form
crosslinked aggregates and thus realized improved tumor accumulation and retention.
Following 808 nm laser irradiation at tumor site generated ROS and local hyperthermia
for cytotoxic tirapazamine derivative conversion, leading to effective tumor ablation.[32]
Recently, the self-immolative, light-triggered linker composed of photocaged C4’-oxidized
abasic site was also synthesized, which could efficiently conjugate to the target protein

or peptide viathe alkyl chain and covalently bind amine- or hydroxyl-bearing drugs.
Photodecaging led to rapid DOX release viathe addition-elimination cascade, enabled
targeted, controlled drug delivery.[3]

Synthetic organic nanocarriers with tunable physical and chemical properties made

from biocompatible lipids and polymers were also well-established candidates for the
fabrication of photochemical drug release profiles. Liposomes, consisting of single or
multiple bilayered membrane structures with amphiphilic lipid molecules, are excellent
candidates as drug depots owing to the advantages of prominent biocompatibility, good
biodegradability, high drug loading capacity and facile modification.[40] Talukdar’s group
developed the o-nitrobenzyl-conjugated indole-2-carboxamide receptor in liposomes as
the effective membrane chloride ion carrier. Photoirradiation resulted in the delivery

of 90% of the loaded active carrier for efficient cancer killing.[*] Polymersomes with
morphological similarities to liposomes and cellular membranes have also been widely
applied in drug carriers.[2] The NO-releasing polymersomes based on self-assembly of NO-
delivering amphiphiles were designed, which were efficiently fabricated by polymerization
of photosensitive NO monomers. The NO monomers were rationally synthesized via

the integration of 4-aminobenzyl alcohol derivatives-based self-immolative linkers and
photocleavable A-nitrosoamine moieties, which made it applicable for light-triggered NO
release for promising applications in corneal wound healing.[43]

Other commonly chosen biocompatible polymers, including polyvinyl alcohol (PVA),
chitosan, poly(ethylene glycol) (PEG), polyphosphoesters, efc., have also been extensively
studied as photochemical therapeutic drug nanocarriers in the past few decades. Gu’s
group for the first time reported a novel drug delivery platform using a photoactivated
hypoxia-triggered modality, which could efficiently generate ROS and deliver DOX in
cells through the disassembly of DOX/2-nitroimidazole-grafted PVA nanoparticles.[282]
The chitosan-based microswimmer that could on-demand release the photocleavable o
nitrobenzyl linker conjugated DOX upon an external light stimulus was also proposed.
When exposed to 365 nm light, 60% of DOX could be released within 5 min.[44] Recently,
photo-triggered photodynamic backbones grafted with PEG and linked with chemodrugs via
hypoxia-cleavable linkers were constructed. This nanoprodrug could not only effectively
generate ROS upon NIR irradiation but also selectively activate the chemotherapeutic
action in hypoxic cancer tissues for synergetic cancer therapy.[43] As a novel category of
biodegradable polyesters, polyphosphoesters were also employed for photo-triggered DOX
delivery via ROS-labile thioketal linkers. The co-self-assembled photosensitizer chlorin e6
(Ceb) could efficiently induce the cleavage of thioketal linkages and subsequent DOX
release and activation for cancer treatment.[4¢]
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Polymer-based micelles can mimic structures and properties of plasma lipoproteins that
form biological carriers, which enables their extensive exploration as drug release vehicles
for controlled delivery.[4] A light-activated platform based on the dual chemotherapeutics-
loaded and protoporphyrin-conjugated polymer micelle was constructed. Under red light
irradiation, ROS generated through the photoconversion of protoporphyrin efficiently
triggered disassociation of micelles co-delivering apatinib and DOX to overcome the
multidrug resistance of tumors.[48] For another light-activatable polymer nanomicelles,
which were formulated by self-assembly of PEG-stearamine conjugates with ROS-
responsive thioketal linkers, the photosensitizer pheophorbide A and DOX could be co-
loaded in the nanomicelles for synergistic locoregional photodynamic-chemotherapy (Figure
2A).[491 Recently, the NIR photoactivatable semiconducting polymer nanoblockader that
conjugated with a protein biosynthesis blockader through 10, cleavable linker was also
developed. The amphiphilic semiconducting polymer nanoblockader not only enabled the
generation of 10, under NIR photoirradiation for photodynamic therapy, but also permitted
photoactivation of blockaders to terminate protein translation, exerting a synergistic action to
afford a metastasis-inhibited lung cancer therapy (Figure 2B).[50]

2.4. Photochemically-triggered large molecule drug delivery

In addition to small molecule drugs, the photochemically-triggered drug delivery platforms
could also help shuttle nucleic acid®l and protein[34 521 drugs. An important application
enabled by photo-responsive nanocarriers for plasmid DNA and protein delivery is gene
editing therapy. For instance, ROS-degradable thioketal-crosslinked polyethylenimine (PEI)
was synthesized, which could be applied to condense p53 gene and photosensitizer

into compact complexes to promote transfection. ROS produced by light irradiation

could destroy endosomal membranes and accelerate the escape of p53 gene due to

ROS triggered the degradation of thioketal-crosslinked PEI, which jointly accounted for
enhanced anticancer gene therapy.[280] Similarly, Lyu et a/. constructed photoactivable
semiconducting polymer nanoparticles encapsulating CRISPR/Cas9 plasmids for remotely
photo-triggered gene editing. The photoresponsive Cas9 delivery nanoparticles comprised
PEI brushes, 10,-generating backbones and 10, sensitive linkers. NIR irradiation triggered
the decomposition of gene vectors and the release of CRISPR/Cas9 plasmids for efficient
in vivo gene editing (Figure 2C).1531 In an effort to optimize the delivery performance, 160
formulations of photo-triggerable polymer nanocapsule library composed of a set of amine
and bisacrylamide monomers, which were conjugated with photo-cleavable linkers based
on o-nitrobenzyl chemistry, were designed. Among them, six nanoformulations were much
more efficient than commercial Lipofectamine through the light-triggered release of sSiRNA
and miRNA, which demonstrated high efficacy in a wound healing animal model.[54]

Efficient delivery and activation of protein pharmaceuticals, which are extremely valuable
for therapeutic use due to the pharmacological selectivity and potency,°] could also be
triggered by light. Based on the light-induced cleavage of nitrobenzyl carbonate linker
between nanocage structures and therapeutic protein cargos, the photolabile DNA nanocages
acting as the efficient nanocarrier for triggered release of bioactive protein molecules

were synthesized.[34] In another case, RNase A was firstly caged with H,O,-cleavable
phenylboronic acid, which was then coated with acid degradable and ketal-crosslinked PEI
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and encapsulated in photosensitizer-modified hyaluronic acid. Upon visible light irradiation,
the caged protein prodrug could restore bioactivity of RNase A upon photosensitizer-
mediated ROS production, hence enhancing targeted anticancer capability of the protein
drug.[5%al Similarly, the synthesis of organic semiconducting pro-nanoenzymes with the
light-activatable properties for inhibition of lung cancer metastasis were also reported.[56]

Biomaterials with spatially and temporally regulated presentation of bioactive peptide
ligands using external light triggers have also been developed. The 3-(4,5-dimethoxy-2-
nitrophenyl)-2-butyl ester caging group modified on the cell-adhesive Arg-Gly-Asp (RGD)
peptide could be easily removed with light to render the full active of RGD peptide. The
protecting group caged peptide on implanted biomaterials could regulate inflammation, cell
adhesion, vascularization and fibrous encapsulation of the material /7 vivo.[57] Another
typical example is that the pro-apoptotic peptide brush polymers formed by photo-triggered
reversible deactivation of radical polymerization of peptide acrylamide monomers, which
showed improved cellular uptake, resulting in a significant improvement in cancer cell
cytotoxicity.[58]

2.5. Upconversion nanoparticles for NIR triggered photochemical drug delivery

The photocaging approach is ideal for controlled delivery of bioactive agents to target
locations at precise times and desired therapeutic doses. However, owing to the fact

that UV and visible light of wavelength shorter than 650 nm can hardly penetrate

tissues, the biomedical applications of direct UV- or visible light-stimulated delivery

in vivo are limited. Recently, the NIR window of 650-900 nm has been successfully
applied in photochemical drug delivery. Owing to distinct ladder-like energy levels of
trivalent lanthanide ions,[5°! upconversion nanoparticles (UCNPs) composed of lanthanides
embedded in host lattices of ceramic materials are capable of absorbing and converting NIR
into UV/Vis lights,[89] and therefore can be utilized for photochemical-triggered delivery

of drugs.[®1] Photolabile 2-nitrobenzylamine groups linked UCNPs could be utilized as

the targeted drug delivery platform that successfully delivered DOX upon 980 nm laser
excitation.[360] Similarly, UCNPs decorated with UV-sensitive o-nitrobenzyl groups for
DOX and fluorescein molecules delivery were also constructed.[52] NIR light-triggered drug
release of UCNPs could also be realized by incorporation of ROS photosensitizers. UCNPs
encapsulating the spectrally matchable photosensitizer (2-(2,6-bis((E)-4-(phenyl(40-(1,2,2-
triphenylvinyl)-[1,10-biphenyl]-4-yl)amino)styryl)-4H-pyran-4-ylidene)malononitrile, TTD)
of ROS generation characteristics and conjugated with cyclic RGD peptides were designed
to efficiently kill triple-negative breast cancer cells during the NIR-regulated photodynamic
treatment.[63]

Recently, more interests are focused on the multifunctional hybrid vesicles containing
UCNPs, taking metal-organic frameworks (MOFs) as an example. The superior properties
of MOFs, such as well-defined porous structure, tunable composition and porosity, regular
size and shape, versatile functionality and improved biocompatibility, make them promising
candidates as drug delivery hosts.[84] Moreover, the heterodimer composed of UCNPs

and the nanophotosensitizer porphyrinic MOFs could also achieve the NIR light-activated
photodynamic therapy. For example, Janus nanostructures through the growth of porphyrinic

Adv Funct Mater. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tao etal.

Page 8

MOF on Nd3*-sensitized UCNPs were successfully developed for mitochondria-targeting,
808 nm NIR light-activated photodynamic therapy.[6%] The core-shell UCNP@porphyrinic
MOFs for synergetic photodynamic/immuno-chemotherapy against hypoxic cancer were
also rationally designed. The heterostructure enabled NIR light-activated cytotoxic ROS
production for photodynamic therapy from MOF shells and hypoxia-activated chemotherapy
from the prodrug tirapazamine encapsulated in MOF nanopores. Moreover, the combination
of the nanotransducer with anti-programmed death-ligand 1 therapy completely inhibited
untreated distant tumor growth through improved anticancer immunity (Figure 3A).[66]

In addition to small molecule drugs and photosensitizers, UCNPs can also serve as
light-triggered scaffolding to help shuttle nucleic acid and protein drugs. Although RNA
interference (RNAI) has been widely leveraged as an appealing therapeutic tool for cancer
and other diseases, the effective protection of siRNA from leakage and degradation

as well as on-demand delivery into target cells remain great challenges. Ju’s group
designed the photo-tearable tape-wrapped nanocapsules comprising core-shell UCNPs
coated with the MSN layer for siRNA targeting polo-like kinase 1 and photosensitizer
hypocrellin A loading, and covalently grafting the PEG viathe photocleavable linker
2,5-dioxopyrrolidin-1-yl (2-nitro-5-(prop-2-yn-1-yloxy) benzyl) carbonate. After NIR
irradiation, UCNPs produced UV emissions could efficiently break photocleavable linker
for siRNA release and activate hypocrellin A to generate ROS for tumor suppression (Figure
3B).167] The similar biofunctional upconversion superballs were assembled by two distinct
UCNPs loaded separately with superoxide dismutase-1 siRNA for gene knockdown and
the photosensitizer Zinc phthalocyanine for photodynamic therapy. The formed superballs
could be individually or concomitantly excited by 980/808 nm light for programmed
photoactivation of different cancer therapeutics.[88] NIR light-triggered protein Cas9
delivery was also fulfilled by the integration of UCNPs and UV-sensitive photosensitive
molecules. The UCNPs converted NIR into local UV light for efficient cleavage of
4-(hydroxymethyl)-3-nitrobenzoic acid molecules, thereby leading to on-demand CRISPR-
Cas9 delivery. Additionally, guided by gRNA against the cancer gene polo-like kinase-1, the
nanotransducers successfully inhibited tumor proliferation.[69]

Moreover, with the help of UCNPs, remote control of enzyme activity was also realized.
The NIR light-controlled enzyme activity in living cells was demonstrated based on hollow
MSN encapsulated UCNPs and the photoactivatable caged enzyme inhibitors Ru complexes.
[70] |_ee and coworkers demonstrated the NIR light-activatable enzyme nanoplatform by
utilizing protein kinase A/UCNP complex. The protein kinase A was successfully activated
upon NIR irradiation to phosphorylate its substrate, which subsequently induced the
downstream response in cells with high precision and spatiotemporal resolution.[”X] Another
representative example was applying the UCNP-centered Au nanoparticles tetrahedron for
the specifical acceleration of the clearance of senescent cells. NIR irradiation induced the
disassembly of DNA tetrahedron by breaking the boronic ester linkers. Therefore, granzyme
B exposed on the UCNPs efficiently induced senescent cell apoptosis, providing a novel
strategy for clinical therapy for aging and age-related diseases (Figure 3C).[72]
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2.6. Chemical modifications of nitrobenzyl and coumarin for NIR triggered photochemical

drug release

2.7.

Other methods, such as chemical modifications of nitrobenzyl and coumarin compounds
can also lead to absorption shifts to biocompatible longer wavelengths under single-

photon excitation or multiphoton absorption, such as the 7-amino coumarin compound
modified with vinyl groups,[191 nitrobenzyl derivative 2-(2-nitrophenyl)propyloxycarbonyl
(NPPOC),[73] 7-diethylamino-4-thiocoumarinylmethyl protecting group,[”4l modified
coumarinylmethyl backbone,[7] efc.. For example, Schnermann et a/. constructed a NIR
irradiation-activated uncaging reaction based on C4’-dialkylamine-substituted heptamethine
cyanines. The caged phenol-containing small molecules could be efficiently released

upon 690 nm light irradiation. The controlled gene expression as well as the reduced

cell viability could be realized through the uncaging of estrogen receptor antagonist, 4-
hydroxycyclofen.[78] The coumarin-grafted cyclometalated Ru(I1) complexes also exhibited
stronger absorption and lower oxidation potential than the coumarin-free counterpart.
Coumarin-linked cyclometalated Ru(ll) photosensitizer showed a better photodynamic
therapy efficacy than a coumarin-free counterpart under both normoxia and hypoxia.
Moreover, /n vivo experiments demonstrated that the tumor growth in tumor-bearing mice
was significantly reduced under photosensitizer-based photodynamic treatment.[’7] These
modified nitrobenzyl and coumarin-based materials hold considerable promise for drug
delivery /n vivo due to the simple implementation of red-shifted absorption and excellent
cytocompatibility.

ROS triggered linker cleavage upon NIR irradiation for drug release

Given the wealth of available NIR-responsive photosensitizers, ROS triggered linker
cleavage upon NIR irradiation could also be applied for controlled drug delivery. Various
studies employing NIR light-triggered ROS generation for drug release as well as the
combination of photodynamic therapy and thermo-chemotherapy were performed.

An interesting case is presented by Chen and coworkers, in which the NIR light-triggered
nanoplatform was designed for highly effective cytoplasmic DOX delivery for synergistic
thermo-chemotherapy (Figure 4A). Under transient NIR laser irradiation, ICG and DOX-
loaded selenium-inserted copolymer nanoparticles were quickly dissociated in a few minutes
via ROS-induced selenium oxidation, which efficiently promoted continuous drug release.
[78] In a related approach, the ROS-sensitive polymeric nanocarrier to achieve remotely
regulated drug delivery by light-triggered size shrinkage was also explored (Figure 4B).
Nanocomplex encapsulating DOX and Ce6 was self-assembled from amphiphilic copolymer
poly(ethylene glycol)-6-poly(e-caprolactone) and ROS-responsive polymer poly(thioketal
phosphoester). Under light exposure, ROS produced by Ce6 was able to cleave thioketal
linkers /n situ, which led to quick degradation of the core. Consequently, the nanocarrier
shrank and such shrinkage triggered rapid DOX release for cancer therapy both /n vitro

and in vivo.l”®1 A similar theranostic liposome coupling with 2-nitroimidazole linked

PEG amphoteric polymer to load hypoxia-activated prodrug tirapazamine, photosensitizer
Ce6 and gene probe was described by Zhang’s group for synergistically combined
photodynamic-chemotherapy. Ce6-mediated photodynamic therapy-induced hypoxia upon
irradiation, leading to dissociation of the liposome and activated antitumor efficiency of
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tirapazamine for enhanced cancer cell eradication.[8% In another study of the novel delivery
system by combining hypoxia-responsive chemotherapy and photodynamic therapy, the
nanosystem made up of three primary constituents: the biodegradable poly(e-caprolactone)
as the hydrophobic segment, hydrophilic PEG-decorated Ce6 to improve Ce6 loading
efficiency, and azobenzene bridges to detect hypoxia microenvironment was developed
(Figure 4C). Upon light irradiation, cancer cells could be efficiently killed resulted from
ROS generation by Ce6. Moreover, sustained oxygen consumption could further induce the
disassembly of hypoxia-responsive azobenzene to uncage DOX for cancer therapy.[81] These
excellent photochemical nanoplatforms have been successfully applied not only in antitumor
chemotherapy, gene therapy, photodynamic therapy and immunotherapy,[150: 821 byt also

in smart carbon monoxide (CO) and nitric oxide (NO) delivery as well as antibacterial
applications, etc..[83]

The photochemical-triggered drug delivery platforms offer advantages such as high cleavage
efficiency, precise temporal and spatial control over drug release, 4] tunable drug delivery
rate, avoidance of side effects,[33] and photosensitive cytotoxicity.[31] Great progress

has been achieved in photochemical-triggered drug delivery since its development. For
example, substantial effort has been devoted to the fabrication of delivery vehicles that
possess high drug encapsulation levels, minimal leakage in the absence of light and high
biocompatibility. Besides, a plethora of work has been done on the design of photolabile
groups that can avoid the usage of UV light, such as upconversion nanoparticles and
two-photon absorption.[8%] However, some key challenges remain. Though many new
photolabile groups have been developed, one major concern lies in the biocompatibility

of the by-products of photochemical reactions. For example, the cleavage of o-nitrobenzyl
groups leads to the generation of highly cytotoxic reactive nitrosobenzaldehyde, which

can strongly inhibit enzyme activity,[#6] thus producing undesired side effects /7 vivo.[18]
Several photochemically triggered drug-delivery systems have employed UCNPs to avoid
UV exposure. However, the impacts of the UCNPs that convert NIR into UV light on human
health are not well established and need further studies.[87] In addition, the drug delivery
platforms that can achieve multiple release cycles have also gained increasing attention and
interest. Photochemical activation usually results in an irreversible change in the carrier.
These photochemically-triggered drug delivery platforms fail to generate uniform release
profiles upon each light activation.[88] Therefore, photochemically triggered drug-delivery
platforms that can realize the stimuli-induced pulsatile release of drugs are still urgently
required.

3. Photothermally controlled drug release

Photothermally controlled drug release platforms can efficiently leverage light-to-heat
energy transfer to affect thermo-sensitive components of drug-release vectors to execute
drug delivery. So far, various types of nanomaterials possessing photothermal properties
have been developed (Figure 5), including gold nanomaterials (gold nanocages, gold
nanoshells, gold nanorods and gold nanostars),[11¢. 891 other types of metal nanomaterials
(germanium nanocrystals, palladium nanosheets, Au-Cu alloy nanocrystals),[%! carbon
nanomaterials (graphene, carbon nanotubes, mesoporous carbon nanoparticles, fullerenes,
graphene quantum dots and carbon dots), [892. 911 metal sulfides and oxides (CuS
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nanoparticles, WS,, MoS, nanosheets, Ag,S, tungsten oxide nanorods, Fe;O3 nanoparticles,
molybdenum oxide and Ti,O3 nanoparticles), [92] heavy-metal and metal-free quantum

dots (CdTe, CdSe, black phosphorus quantum dots),[93] conjugated polymer nanoparticles
(polypyrrole, PEDOT:PSS and peptide-porphyrin nanodots),[%4 NIR organic dye[®] and
MOFs [98]  efc.. These photothermal agents feature good photostability, intense light
absorbance and excellent photothermal conversion efficiency.[892: 971 Many of these
nanomaterials can load and deliver drug alone, whereas other types of nanomaterials can
efficiently load the drugs by combining with other nanocarriers or direct conjugating with
the thermal-sensitive chemical linker.[47: 98]

3.1. Gold nanomaterials for photothermally controlled drug release

Due to their strong local heating arose from the excitation of surface plasmon vibrations,
gold nanomaterials are key agents for photothermally controlled drug releasel89] Al

et al. optimized the size, surface modification, concentration of gold nanorods and the
photothermal therapy laser power to induce maximum apoptosis. Mechanism studies
indicated that the cell death pathways of photothermal therapy elicited by gold nanorods
mainly involved apoptosis and the release of neutrophil extracellular traps. No long-

term toxicity of gold nanorods was shown in a 15-month toxicity study in mouse

models, demonstrating that the gold nanorods platform was highly safe and efficient for
cancer therapy Jin vivo.[9%1 Meanwhile, the gold nanomaterials have also been extensively
investigated in the development of combination therapeutic nanoagents. For instance, DNA
conjugated gold nanorods, which further encapsulated DOX by intercalating into the major
groove of DNA double helix, were developed as the multifunctional nanocarrier for NIR
radiation controlled drug delivery in multidrug-resistant breast cancer cell lines.[100] |n
another similar study, Tao et a/. designed the immunomodulatory CpG DNA based platform
that was linked to DOX and gold nanorods for cancer treatment. Gold nanorods could be
utilized as nanovectors to simultaneously achieve specific functions of chemotherapeutics,
hyperthermia and immunotherapy.[101] Additionally, biomimetic drug release nanosystems
comprised of cancer cell membranes as outer shells and DOX-functionalized gold nanocages
as inner cores were developed for the efficient breast cancer targeting chemo-photothermal
therapy.[102] Recently, the novel yolk-shell gold nanostar@Z1F-8 MOF nanocapsule

with excellent anticancer drug loading ability and superior 1064 nm NIR-1I stimulated
photothermal conversion capacity was fabricated. After DOX encapsulation into the cavity,
gold nanostar@MOF showed outstanding synergistic chemotherapy and hyperthermia effect
for tumor inhibition. At the same time, the infrared/photoacoustic imagings presented great
superiority for imaging-guided therapy.[103]

In addition to DOX, other small molecular drugs could also be loaded on gold nanomaterials
viaa similar route. In a recent study, the synergistic anticancer nanoplatform that combined
photothermal therapy of PEGylated gold nanorods and the following inflammation-mediated
active targeting chemotherapy of cytopharmaceuticals was constructed. The photothermal
therapy-induced inflammation facilitated cytopharmaceuticals to migrate across tumor

sites along chemotactic gradients, which exhibited a promising synergistic strategy for
cancer treatment (Figure 6A, B).[104] In a similar study, gold nanorods were encapsulated
into perfluoropentane-filled MSN to form a biodegradable NIR-responsive nanorattle
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for photothermal therapy of melanoma cancer. Notably, the heat generated from gold
nanorods could induce perfluoropentane undergoing a liquid-gas phase transition to create
microbubbles, which would enhance the tumor-targeted ultrasound/photoacoustic imaging
signals.[10°]

Besides, the utilization of gold nanorods as the powerful platform for the delivery of

large molecular therapeutic cargos has been widely reported. Incorporation of cationic
polymer-coated gold nanorods to Cas9 plasmid delivery vehicles allowed the construction of
the optogenetically activatable CRISPR-Cas9 systems for programmable genome editing

in NIR-1I optical window. This modality of optogenetic genome editing and the high
transfection activity of nanoCRISPR enabled the successful therapy of deep tumor and
rescue of fulminant hepatic failure with minimal off-target effects.[106] Moreover, by

the integration of the highly evolved targeting strategies of bacteriophages with the
photothermal properties of gold nanorods, a recent study by Chen and coworkers conjugated
the bacteriophages to gold nanorods, which could selectively target and kill specific Gram-
negative bacterial cells by using photothermal ablation for antibacterial therapy.[197]

Thanks to the structure-dependent photothermal performance of gold nanomaterials, the
emergence of light-stimulus-responsive self-assembly of AuUNPs brings new opportunities
for the effective utilization of gold nanomaterials in photothermal-activated drug release
for disease therapy as well.[208] One example of self-assemble AuNPs was laser irradiation-
induced covalent cross-linkage of the diazirine terminal groups of PEG ligands on

the surface of AuNPs, leading to the generation of crosslinked particle aggregates for
enhanced photoacoustic imaging and hyperthermia therapy of malignant tumors.[19%] Gold
nanoparticles grafted with complementary DNA strands, tethered with DOX and coated
with polyethylene glycol viaa matrix metalloproteinase-cleavable peptide were also
developed. The nanoprobes formed aggregates rapidly under matrix metalloproteinase-rich
tumor tissues owing to the rapid cleavage of the shielding PEG layer and subsequent
exposure of the complementary DNA strands on the nanoparticles, which was beneficial to
photoacoustic diagnosis-guided hyperthermia therapy and drug delivery.[110]

3.2. Carbon nanosystems for photothermally controlled drug release

While these gold nanostructures offer great potential for photothermal therapy, several
obstacles restrict their practical utilization in clinical applications, such as high cost and easy
loss of stable NIR absorbance after laser irradiation. Arising from their excellent thermal
conduction characteristics, carbon nanomaterials are superior candidates for achieving
effective photothermal actuation.[111] Therefore, carbon nanosystems were also extensively
explored for photothermally controlled drug release owing to the intense light absorption at
NIR wavelengths and corresponding high photothermal-conversion efficiency.[212] To allow
photothermal activation of drug release, Mertz’s group designed and optimized graphite
coated with mesoporous silica shell and systematically studied DOX payload release upon
NIR irradiation.[*13] Subsequently, branched PEI and PEG modified reduced graphene
oxide was also constructed as a nanocarrier for photothermally-triggered DOX delivery.[98d]
Moreover, the PEI and PEG dual-polymer-functionalized graphene oxide could also be
utilized as the nanocarrier for effective delivery of CpG DNA. The immunostimulatory
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activity of CpG DNA could be efficiently controlled by graphene oxide-PEG-PEI, exhibiting
remarkably enhanced immunostimulation responses upon NIR illumination for providing
combined immunological and photothermal effects for cancer therapy.[114]

Apart from graphene materials, other well-studied nanocarbon agents also displayed
excellent photothermal efficacy to facilitate photoheating-triggered drug release.[11%]

In this regard, Chen’s group synthesized organoselenium drug-loaded, urokinase-type
plasminogen activator receptors and polypeptides AE105 dual-targeted carbon nanotube-
based nanocomposites Se@CNTs for effective combination photothermal chemotherapy

of triple-negative breast cancers (Figure 6C, D).[116] The carbon nanomaterial family has
flourished in cancer treatment for decades. Nevertheless, the practical clinical utility of
carbon nanomaterials-based therapies is limited by their dilemma of /n vivo metabolism.
[117] To address this challenge, the carbon-silica nanohybrid was rationally designed and
constructed, which could degrade into about 5 nm small nanoparticles after NIR light
irradiation for effective /n vivo elimination. The carbon-silica nanocomposite with excellent
photodynamic and photothermal capabilities could also act as inherent immunoadjuvant for
synergistic phototherapy and immunotherapy for complete cancer elimination.[117]

3.3. Metal nanohybrids for photothermally controlled drug release

Metal oxides and sulfides, such as copper sulfide (CuS) NPs were also considered as

the optimal candidate for photothermally-triggered drug release owing to their outstanding
properties, including great photothermal conversion efficiency and excellent NIR absorption.
[118] The photothermal agent CusS could precisely target cancer cells and tumor tissues when
modified with different target ligands, such as aptamers, peptides and antibodies, offering
additional merits for cancer therapy.[119]

With well-established functionalization methods, the CuS NPs could be easily integrated
with other functional nanostructures and permit the fabrication of multifunctional
nanodevices. As an example, Wei et al. constructed renal-clearable nanomaterials by
controlled encapsulating of sub-6 nm CuS nanoclusters on DOX-loaded biodegradable
MSN for synergistic chemo-photothermal cancer treatment in two different tumor models
in vivo.I9€l n another similar study, membrane materials derived from melanoma cells

and red blood cells were encapsulated onto DOX-loaded hollow CuS NPs for combination
chemo-photothermal therapy of melanoma (Figure 7A). The cell membranes on hollow CuS
NPs endowed the nanoplatform markedly enhanced homogeneous targeting abilities and
prolonged circulation lifetime /in vivo. Thus, the platform exhibited satisfactory combined
photothermal/chemotherapy achieving nearly 100% melanoma tumor elimination.[120]
Additionally, a smart nanocarrier system based on self-assembly of PEI, double-stranded
DNA segments, hydrophobic CugSs NPs and DOX was developed. Upon NIR irradiation,
DOX intercalated inside the double-stranded DNA could be efficiently released in the

target cancer cells due to photothermal-induced unzipping of the helix.[*21] Incorporation of
CuS NPs into MOFs zeolitic imidazolate framework-8 (ZIF-8) also provided an option for
NIR light-triggered DOX release for chemo-photothermal therapy since ZIF-8 nanoparticles
could be disintegrated under NIR laser irradiation.[222] Apart from small molecule drug
DOX, small drug ions could also be encapsulated in CuS photothermal platforms, which
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would open new possibilities for combination therapy. Xu et a/. engineered and applied

the Ca?* nanogenerator based on the calcium phosphate-doped hollow mesoporous CuS

for effective antitumor therapy. Ca2* nanogenerator could generate Ca%* directly and
continuously owing to the low pH environment in lysozymes and the NIR acceleration

of CuS. Both /n vitroand /n vivo studies revealed that the nanoplatform displayed high
anticancer activity via combined photothermal therapy and imbalance of mitochondrial Ca2*
homeostasis.[123]

In addition to CuS NPs, other types of transition metal oxides and sulfides, such as

IrO, NPs, [1241 WO, g nanorods,[123] ZrO,_, nanosystems,[126] MoS, nanosheets, [127]
sulfur-doped MoOy nanorings,128] Bi, ggFe5015 NPs,[1291 WS, nanosheets, [130] Bj,S4
nanorods, 131 /S, nanosheets,[132] and Bi,O,Se quantum dots,[133] etc., were reported

to show impressive photothermal effects, which were promising for fabrication of the
nanocarriers for photothermally controlled drug delivery. In an interesting study, the
BSA-templated iridium oxide (1rO,) nanoparticles were synthesized through one-step
biomineralization, which exhibited extraordinary catalase-like photocatalytic activity for
normal cells protection and photoacoustic imaging improvement, the large X-ray absorption
coefficient for computed tomography imaging, as well as excellent photothermal conversion
efficiency for tumor therapy (Figure 7B).[224] In another example, Sun’s group for the

first time elaborately designed the oxygen-deficient zirconia (ZrO,_y) nanovector for

Ce6 and thiol-PEG-amine conjugation for efficacious fluorescence/photoacoustic bimodal
imaging-guided photothermal/photodynamic treatment.[126] The PEG-coated sulfur-doped
molybdenum oxide (MoOy) nanorings-mediated remarkable photothermal performance

and ROS generation property were also utilized for photoacoustic-guided synergistic
photothermal/photodynamic treatment (Figure 7C).[128]

Imaging-guided synergistic photothermal therapy provides a novel way to construct
precision nanotheranostic agents. A number of multifunctional composite metal nanohybrids
have been studied as potential nanoagents for imaging-guided synergistic photothermal
therapy with diverse therapeutic and diagnostic payloads, including FePS3 nanosheets

with excellent photothermal conversion activity enabling chemodynamic therapy and
hyperthermia effect for cancer therapy,[134] carbon-encapsulated FeCo nanomaterials

as magnetic imaging tracers with magnetothermal and photothermal capablities,[13°]
zirconium-ferriporphyrin (Zr-FeP) MOF nanotransducer complexed with heat shock
protein 70 siRNA for computed tomography, photothermal, and photoacoustic trimode
imaging modalities-guided combined gene and photothermal-photodynamic therapy for
efficient cancer elimination,[13¢] FePt/MoS, nanomaterials with synergistic photothermal-
chemotherapy for improving tumor immunotherapy,[*37] Mo,C-derived polyoxometalate
as a chemodynamic therapy agent,[138] functionalized MoTe, nanosheets with PEG-cyclic
RGD and DOX for combined photothermal and chemotherapy,[13°] Cu-based Fenton

like agent copper(l) phosphide (CusP) nanocrystal for magnetic resonance imaging-

based cancer chemodynamic/photothermal combination therapy,[14%] copper-palladium
alloy nanocrystals for multispectral optoacoustic tomography (MSOT) imaging guided
photothermal chemotherapy,[*41] PdH nanohydride for combinational hydrogen releasing-
triggered hydrogen-photothermal treatment,[142] polyelectrolyte-multilayer-coated Cs,WO3
for CT/photoacoustic bimodal imaging-based cancer photodynamic/photothermal therapy,
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[143] tungsten-based polyoxometalate nanoclusters for efficient photothermal and anti-
inflammatory treatment, [144] vanadium carbide (V»C) nanosheets with enhanced NIR
photothermal performance,[14°] Bi/phthalocyanine manganese (MnPcE4) photosensitizer
nanocomposites with high magnetic resonance and computerized tomography (CT)
imaging performance for photothermal and photodynamic therapyX4¢], supramolecular
photothermal nanodrugs BSA-pheophorbide a-Mn%* nanoparticle with heating-enhanced
photothermal effects,[147] the MOF Hf-UiO-66 archetype structure incorporated with
photoactive tetratopic chlorin ligands for multimodal CT/thermal/photoacoustic imaging-
guided photothermal-photodynamic anticancer therapy.[148] An interesting work presented
a core-shell nanotheranostic agents, that is, the FeCo core nanomaterials and bore
graphitic carbon shells grafted with PEG, providing not only the high magnetic particle
imaging signal intensity and the photoacoustic imaging function, but also photothermal
and magnetothermal properties for efficient tumor elimination in mice.[13%] Another
successful example comes from the copper-palladium alloy tetrapod nanoparticles with
superior NIR photothermal transducing properties for efficient chemo-photothermal cancer
treatment. Furthermore, NIR-assisted MSOT imaging was utilized to guide light irradiation
and achieved accurate cancer eradication with minimum damage to normal cells.[141]
Moreover, ultrasmall tungsten-based polyoxometalate nanoclusters exhibited excellent
photothermal conversion efficacy and impressive anti-inflammatory property arising from
eliminating inflammation-generated ROS benefiting from the oxidation of tungsten to
achieve outstanding therapeutic safety and efficiency (Figure 7D).[144]

3.4. Black phosphorus for photothermally controlled drug release

As mentioned above, a plethora of different inorganic nanomaterials, including gold
nanostructures, carbon nanomaterials and transition-metal dichalcogenides, efc., are the
frequently utilized photothermal conversion nanoagents, owing to the excellent NIR

light response properties. However, most of them are often limited by nondegradability,
metabolizing difficulty and low biosafety that remain major challenges for clinical
applications.[14%] Recently, black phosphorus was also explored as photothermal agents

to promote drug delivery. With the superiority of readily degradation in water and air,
black phosphorus is promising for in vivo applications.[*0] An interesting work presented
the photothermal-responsive nanohydrogel structures, that is, the black phosphorus acting
as the photosensitizers were embedded into the hydrogel, thus efficiently generating heat
that softened and melted hydrogel for drug delivery upon NIR exposure for efficient
cancer therapy.[149] Black phosphorus quantum dots coated by poly (lactic-co-glycolic
acid) (PLGA) were also developed by the emulsion method. Inspired by the good
photothermal conversion efficiency of black phosphorus, the biodegradable nanospheres
with the tumor-targeting ability showed satisfactory anticancer therapeutic efficacy in both
cultured cells and animal models under NIR laser illumination.[*>1] The 2D nanosheet
formation of the black phosphorus was also constructed, which displayed extremely high
DOX loading ability and showed pH/photoresponsive delivery capacity. The acidic tumor
microenvironments in cancer cells could accelerate DOX release from the black phosphorus
nanosheets, whereas the intrinsic photothermal and photodynamic effects of nanosheets
could further promote the drug delivery and simultaneously allow black phosphorus
nanosheets to serve as both efficient photothermal and photodynamic agents to achieve the
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outstanding /77 vivo antitumor therapeutic outcome.[*52] Furthermore, to verify the delivery
of small drug ions by the photothermal black phosphorus platforms, strontium ion (Sr2*)
was utilized as a model small chemical. The SrCl, and black phosphorus nanosheets were
incorporated into PLGA as the NIR-triggered drug release system for bone regeneration.
Due to the presence of black phosphorus nanosheets, the fabricated microspheres showed
excellent photothermal effects, which triggered the release of Sr2* by disrupting the PLGA
shells. Sr is a trace element associated with promoted osteoblast differentiation and bone
formation as well as repressed osteoclastic resorption.[53] Implantation of microspheres
into the rat femoral defect demonstrated favorable tissue compatibility and great bone
regeneration ability upon NIR excitation.[154]

3.5. Organic nanoparticle for photothermal drug delivery system

Up to now, both light-absorbing organic polymers and small molecules organic

dyes have shown great potential in photothermal therapy.[15%] Organic polymers offer

a well-documented pharmaceutically relevant platform that has been underexplored

for photothermal drug encapsulation and delivery.[15¢] To date, different categories
photothermal organic polymer nanoparticles for photothermal-triggered drug delivery

have been developed, including the amphiphilic polymer nanobioconjugates via
coprecipitation of poly(cyclopentadithiophene-a/t-diketopyrrolopyrrole) and photothermal
modulator polystyrene-£-poly(acrylic acid) to regulate heat-sensitive Ca2* ion channels in
neurons, 1571 semiconducting polymer L1057 nanoparticles fabricated by Pd-catalysed Stille
polymerization of 6,6,12,12-tetrakis(4-hexylphenyl)-s-indacenodithieno[3,2-b]thiophene-
bis(trimethylstannane) and 4,9-dibromo-6,7-bis(4-(hexyloxy)phenyl)[1,2,5]thiadiazolo[3,4-
glquinoxaline for NIR-11 bioimaging-guided photothermal cancer therapy,[158]

the semiconducting copolymer poly[(diketopyrrolopyrrole-a/t-cyclopentadithiophene)-
ran-(diketopyrrolopyrrole-alt-thiadiazoloquinoxaline)] for improved anticancer
hyperthermia treatment,[15%] NIR-absorbance polymer PDPP3T-O14 composed of
poly((2,5-diyl-2,3,5,6-tetrahydro-3, 6-dioxo-pyrrolo(3,4-c)pyrrole-1,4-diyl)-a/t-(2,2":5",2” -
terthiophene-5,5"-diyl)) as backbone and oligo(ethylene glycol) as side chains for

efficient disassembly of amyloid  (AB),[*6%] cyclo(Arg-Gly-Asp-DPhe-Lys(mpa))-modified
donor-acceptor structured conjugated polymer nanoagents polymerized via hydrophobic
alkyl chain-appended (4,8-bis((2-octyldodecyl)oxy)-benzo[1,2-b:4,5-b"]dithiophene-2,6-
diyl)bis(trimethylstannane)) and 4,8-bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-
c:4,5-c’Ibis[1,2,5]thiadiazole as the electron donor and acceptor for accurate spatiotemporal
hyperthermia brain cancer treatment via scalp and skull,[161] nanodots via peptide-tuned
self-assembly of light-activable porphyrins for photoacoustic imaging and efficient cancer
treatment,[94d] porphyrin-based covalent organic framework nanoplatform for photoacoustic
imaging-guided combined photothermal/photodynamic therapy.[162] The semiconducting
polymer L1057 NPs acting as the theranostic nanosystems were effectively applied in
NIR-11 imaging-guided photothermal therapy. Particularly, the outstanding biocompatibility,
together with high brightness and excellent stability, allowed for noninvasive real-time
visualization of brain vessels and high-resolution detection of tumors and cerebral ischemic
stroke (Figure 8A).[158] |n addition, photothermal nanomedicines emerged not only as
excellent anticancer drug delivery systems, but also as inhibitors for Ap aggregation. NIR-
absorbance PDPP3T-O14 acted as hyperthermia cores and thermal-stimuli 1,2-dipalmitoyl-
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srglycero-3-phosphocholine served as outer NIR-activated gatekeepers. The subsequently
curcumin encapsulation and peptides p-sheet breaker peptides LPFFD (Leu-Pro-Phe-Phe-
Asp) functionalization could effectively realize high Ap-binding affinity, NIR light-triggered
drug delivery, as well as photothermal degradation characteristics for complete disassembly
of AB (Figure 8B).[160]

Strikingly, polydopamine, as a melanin-like polymer, is also emerging as a

competitive photothermal agent for biomedical applications owing to its good
biocompatibility, facile synthesis and high NIR photothermal conversion efficiency.

[163] 5o far, diverse types of polydopamine nanocomposites have been successfully

used in a broad class of photothermal therapy applications, like the Fe-alendronate-
conjugated, chemodrug SN38-loaded polydopamine nanoparticles for chemo-photothermal
treatment of malignant bone tumors,[164] polydopamine nanoparticles functionalized with
adamantane-modified RGD peptides and decorated with B-cyclodextrin substitutions for
synergistic targeted cancer photothermal-chemotherapy,[265] magnetic nanoparticles@gold
nanoparticles@polydopamine/doxorubicin/folic acid for tumor chemo-photothermal therapy,
[166] 2D ZIF-8 MOF nanosheets loaded with curcumin and further coated with
polydopamine for efficient ablation of tumor in combination of photothermal-chemotherapy,
[167] MnCO-entrapped mesoporous polydopamine nanoparticles of effective CO/MnZ*
generation and photothermal transducing capabilities in H,O»-rich and acid tumor
microenvironment for photoacoustic/magnetic resonance bimodal imaging-guided tumor
treatment,[1631 RGD peptide-functionalized mesoporous polydopamine nanomaterials
loading with photosensitizer ICG for biofilms eradication,[168] L-arginine modified, ICG
loaded mesoporous polydopamine for elimination of the already-formed biofilm by NO-
promoted photodynamic/low-temperature photothermal treatment.[169] All these examples
provide valuable insight into the development of polydopamine-based multifunctional and
efficient photothermal therapy platforms for further biomedical uses.

Although photothermal organic polymer nanoparticles have shown great potential for
photothermal treatment, common polymer nanocomposites show slow metabolism in
organisms and are primarily taken up by the reticuloendothelial systems,[1701 which may
limit their potential clinical applications. Therefore, a wide spectrum of small-molecule
organic dyes, such as IR780,[171] IR820,[172] cyanine (Cy),[173] heptamethine cyanine (Cy7),
[174] jndocyanine green (ICG),[175] phthalocyanine naphthalocyanine,[179¢] Prussian blue,
[176] BODIPY derivatives,[177] pigment biliverdin,[178] methylenebisacrylamide, 179! etc.
have served as attractive candidates for photothermal applications. Since the small organic
dye molecules commonly show large molecular sizes and extensive r-conjugated structures
with poor water dispersibility and photo instability, photothermal organic dye delivery
systems based on nanocarriers have been developed. A series of unimolecular polymeric
micelles with different morphologies including nanoparticles, nanorods and nanowire were
loaded with NIR fluorescence dye IR780 as the photothermal agent. Micelles-IR780

with rodlike structure showed favorable behavior for /in vitro cellular uptake and /in vivo
accumulation for effectively inhibited breast tumor growth.[171a]

Combined chemo-photothermal therapy could also be realized by the codelivery of
photothermal small molecule organic dyes and chemical drugs. For example, IR780 and
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DOX loaded in polymer micelles and a eutectic mixture of naturally occurring fatty

acids were designed and synthesized, which showed light-regulated synergistic, integrated
functions of photothermal and chemotherapy.[1710. 171¢] Similarly, Zhang et a/. utilized
IR820 to link with cytarabine to form prodrug. This prodrug was then loaded into the ZIF-8
MOFs, which were further encapsulated with hyaluronic acid to produce the active-targeting
nanoplatform for fluorescence imaging-guided photothermal-chemotherapy.[180] Besides,
both programmed-death-ligand 1 antibodies and NIR dye IR820 were loaded into the lipid
gel depot. NIR irradiation regulated the delivery of the antibody and increased chemotactic
recruitment of tumor-infiltrating lymphocytes, as well as boosted T cell activity against
tumors for the efficient photothermal-assisted immunotherapy.[172]

Cyanine (Cy) is the NIR fluorescent photosensitizer exhibiting narrow absorbance

peaks and high extinction coefficients, which can also generate hyperthermia after NIR
irradiation for photothermal therapy.[173: 1811 The multicomponent nanocomposites were
elaborately fabricated by the coencapsulation of thermosensitive cyanine and DOX into
the poly(ether amine) for controllable drug delivery and tunable chemotherapy.[173]
Recently, the Cy7-based 2D phototheranostic nanomedicine was developed by self-assembly
of Cy7 to obtain the 2D nanodiscs. The nanodiscs exhibited passive cancer-targeting
properties to not only real-time track tumor development by photoacoustic/fluorescence
tomography but also realize effective tumor suppression upon irradiation (Figure 8C).
[174,182] |n subsequent work, the PLGA-ICG moiety-implanted eukaryotic-prokaryotic
vesicle (EPV) nanoformulation was also developed, which could not only be applied

to trigger the anticancer immune response, but also possessed photothermal modality,
allowing for the synergistic photothermal treatment with immunotherapy (Figure 8D).

[175] Furthermore, for a better potential application, Dong’s group recently fabricated

the nanoscale covalent organic framework nanohybrid by stepwise bonding defect
functionalization of porphyrinic photosensitizers and guest encapsulation of photothermal
agents naphthalocyanine. The nanohybrid exhibited photothermal transducing capabilities
and excellent 10, generation properties under visible and NIR irradiation, therefore
providing the synergistic photothermal/photodynamic therapeutic functions on suppressing
breast cancer cell proliferation and invasion.[170cl

In addition to cyanine dye, considerable endeavors have been devoted to exploring other
types of small molecule organic dyes for photothermal therapy. In this regard, a multimodal
Prussian blue nanoplatform was designed and functionalized with therapeutic p53 gene

for NIR photoresponsive combined gene therapy/photothermal therapy.[176] In addition, the
photothermal agents based on the BODIPY scaffolds were synthesized with an extremely
high photothermal conversion efficiency of 88.3%, which resulted in complete tumor
ablation under safe intensity NIR laser irradiation.[177] Moreover, the utilization of the
endogenic NIR absorbing pigment biliverdin, together with short peptides and metal ions, to
fabricate photothermal nanoformulations to achieve metabolizable and effective candidates
for cancer theranostics, was also demonstrated.[178] Recently, Chen’s group designed lipid
nanoagents composed of the stearic acid and lauric acid mixture and coencapsulated with
DOX and organic photothermal dye methylenebisacrylamide for quick drug release and
excellent cancer-targeting ability in response to NIR irradiation for cancer treatment.[179]
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These photothermal organic polymer nanoparticles and small molecule organic dyes can
efficiently convert absorbed light into localized heat. In addition to possessing destructive
effect against disease tissues, photothermal organic polymer nanoformulations have been
widely applied in controlled release and delivery of drug molecules to targeted areas.
Therefore, these multifunctional photochemotherapy systems are promising candidates for
disease treatment.

Imaging-guided photothermal-chemotherapy nanoplatforms

Furthermore, given the essential role imagings act in disease diagnosis, developing imaging-
guided photothermal-chemotherapy nanoplatforms has been attracting increasing attention,
particularly in the areas of precise and comprehensive evaluations of therapeutic effects, as
well as enhancing therapeutic efficiency and reducing side effects. Considerable efforts have
been devoted to the creation of imaging-guided photothermal-chemotherapy nanoplatforms.
[183]1 Until now, a lot of photothermal nanomaterials with multiple intriguing modal imaging
properties, including photoluminescence imaging,[184 photoacoustic imaging,[18] X-ray
computed tomography imaging,[188] magnetic resonance imaging,[1871 surface-enhanced
Raman scattering imaging,[188] ultrasound imaging,[18% erc. have been developed. As
mentioned above, a variety of nanomaterials, including gold nanorod and photocrosslinkable
gold nanoparticles for photoacoustic imaging, Mo,C polyoxometalate for NIR photoacoustic
tomography, zirconia nanosystem for fluorescence/photoacoustic bimodal imaging, bismuth
(Bi) for CT imaging performance, copper-palladium alloy tetrapod nanoparticles for MSOT
images, were well studied to recognize and destroy cancer, showing great properties for
biomedical imaging applications, which are particularly promising candidates for early
diagnosis of cancer.[105. 109,126,138, 141, 146a] A|| these nanomaterials-based imaging
techniques show inherent imaging-guided chemo-photothermal therapy advantages, which
allow not only the measurement of pharmacokinetics and monitoring of therapeutic
outcomes but also the identification of tumor location, type and morphology [119d. 190]

In addition, these nanomaterials could be further functionalized with imaging elements

to achieve the desired imaging functions. A successful example comes from liposomes
coloading hollow gold nanospheres, DOX and perfluorocarbon. By virtue of hyperthermia-
triggered gasification of perfluorocarbon, the remarkably improved ultrasound signal could
be detected. Therefore, the multifunctional perfluorocarbon liposomes could serve as the
efficient nanoagent for ultrasound tomography-guided chemo-photothermal therapy.[191]

Given the advantages arising from the combination imaging, more work is being conducted
by the integration of diverse imaging elements into the nanoformulations to obtain multiple
theranostic nanoplatforms for personalized therapeutic interventions, such as iridium oxide
nanoparticles for simultaneous computed tomography and photoacoustic/thermal imaging,
CsyWOj3 for X-ray computed and photoacoustic tomography dual imaging, copper(l)
phosphide (CusP) nanocrystal for thermal imaging and photoacoustic imaging agent

and /n situ self-generation magnetic resonance imaging, MnCO-entrapped mesoporous
polydopamine nanoparticles for magnetic resonance/photoacoustic bimodal imaging,
zirconium-ferriporphyrin MOF nanoshuttles for photothermal/photoacoustic/computed
tomography trimodal imagings.[124. 136, 140, 143, 163]
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Although great progress has been made in this field, photothermally controlled drug

release systems are still being tested in animal studies. For successful photothermally
triggered drug-delivery, the photothermal conversion materials need to realize efficient
light-to-heat energy transfer and the photolabile moieties should achieve effective drug
delivery. Gold nanomaterials remain the popular choice of thermally responsive materials.
However, the long-term 7 vivo effects of gold nanomaterials are still unknown.[192]
Additionally, most of the photothermal nanomaterials are constructed with nondegradable
inorganic nanomaterials, which may hamper their clinical applications because of their
potential long-term toxicity. Some thermo-sensitive polymer materials, such as poly(A-
isopropylacrylamide), are well tolerated, but their monomers are cytotoxic.[193 In order

to overcome these limitations, the development of new, biocompatible, biodegradable
photothermal nanomaterials with favorable thermodynamic properties and efficient
therapeutic performance is underway. The NIR light absorbers usually require high power
and long exposure time to realize light-to-heat energy transfer. Thus, the heat generated from
the photothermal systems may damage surrounding tissues. This highlights the requirement
for either the design of platforms with high NIR absorbance and efficient photothermal
conversion, thereby reducing the amount of the light exposure time and the risk of raising
the nearby tissue temperature, or illumination equipment that can target the delivery vehicles
precisely. In addition, the construction of photothermally controlled drug release systems
with targeting and imaging functionalities is still a hot topic for photothermal theranostic
applications. The targeting, imaging and therapeutic multifunctionalities of these platforms
are all extraordinarily important for conducting cancer diagnosis and therapy, especially for
early tumor theranostics.

4. Photoisomerization-based drug release

4.1.

Photoisomerization-based drug release refers to conformational changes of molecules to
trigger gate-opening for drug escape upon light energy absorption. Light irradiation can
cause reversible photoisomerization reactions of selected organic compounds, including
spiropyrans and azobenzenes, without byproduct generation. Spiropyrans undergo reversible
structural conversion from neutral spiropyran isomer to the zwitterionic, positively charged
merocyanine upon irradiation with UV light, while after visible light illumination converts
opened merocyanine back to closed spiropyran conformation.[194] Azobenzenes can be
reversibly isomerized from trans orientation to ¢/s form by the irradiation of UV light

and from cis-to- trans conversion under visible light.[9: 1951 A significant advantage of
photoisomerization-based drug release systems is that the photoisomerization compounds
can efficiently control the “on/off” drug release with excellent temporal resolution.[19]
Stimuli-induced pulsatile release of drugs may also be realized, thereby avoiding the
multiple drug administrations. More details about light-activated molecular switches have
been summarized elsewhere.[152 1971 Up to now, a series of nanomaterials have been applied
in production of photoisomerization-based drug delivery nanoplatforms.

Mesoporous silica nanoparticles for photoisomerization drug delivery

MSN are popular candidates for photoisomerization-based drug delivery. Recently, a
photonmanipulated mesoporous delivery platform was fabricated based on azobenzene-
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tethered DNA. The azobenzene photoisomerization caused the dehybridization of
complementary DNA, resulting in the uncaging of pore gates of MSN and DOX release
for cancer therapy.[198] Similar systems were applied to deliver cholesterol and DNA.
[198-199] \When covalently attaching spiropyran on MSNs, the photo-responsive release
nanosystem was achieved by modulating wetting states of mesoporous silica surfaces.

The mesoporous silica surface-functionalized with an optimized ratio of fluorinated silane
to spiropyran could be protected from being wet, effectively suppressing the delivery of
anticancer drug camptothecin. Under UV light exposure, the conformation of spiropyran
changed from the “closed” to “open” configuration resulted in surface wetting, giving rise
to drug uncaging to enhance cytotoxicity for cancer cells.[290] Light-triggered nanoplatforms
grounded on hollow MSNSs conjugated with spiropyran-containing copolymer were also
fabricated. The light-responsive spiropyran motifs were linked to pore outlets of the
mesoporous silica nanocarriers, and the fluorescent dye molecules were loaded in pore
voids for gate monitoring intentions. Afterwards, the molecular-gate effect could be
initiated by encapsulation of generation 1.5 poly(amidoamine) dendrimers, acting as
nanoscopic molecular movable gates.[201] Moreover, the direct chemical modification of
photoisomeric moieties onto the rotaxane offers an alternative strategy in construction

of photoisomerization drug delivery systems. It has been reported that the photothermal-
triggered rotaxane-modified MSN for remote-regulated drug delivery was developed, which
was based on dynamic back and forth motions of cyclohexaamylose rings driven by the
photothermal-activated tfrans-cis isomerization of azobenzene. The synthesized nanocarrier
was adopted for /n vivo delivery of curcumin into five-day-old zebrafish embryos for
successful therapy of heart failure.[202]

4.2. MOF for photoisomerization drug delivery systems

By virtue of the noninvasive, directional, and rapid characteristics of photoresponsive
supramolecular nanosystems, considerable research effort has been made to introduce new
ways to transport drug molecules, including MOFs. Brown and coworkers described the
construction of azobenzene functionalized isoreticular MOF and demonstrated the capability
to controllably deliver the guest propidium iodide dyes from its pores upon 408 nm light
irradiation. This photo-triggered cargo delivery could be switched on and off by regulating
the azobenzene configuration using the light of appropriate wavelength.[293] In another case,
the novel class of light-activatable cytotoxic molecules were developed. The platinum(l1)
complexes were linked to the light-switchable 1,2-dithienylethene-containing ligands,
which showed interchangeable photoisomeric structures with different DNA-interacting
characteristics. Two isomers exhibited distinct cytotoxic properties, the closed forms being
much more cytotoxic than the open ones against many types of cancer cells. These
phenomena might open up opportunities towards the development of new avenues for
photoactivated therapy.[204] In addition, the photoactivatable azobenzene-modified covalent
organic frameworks containing pendant azobenzene groups in the pore channels were also
fabricated to form photoisomeric nanocarriers. The synthesized covalent organic framework

could be effectively utilized for rhodamine B storage and on-demand release (Figure 9A).
[205]
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4.3. Liposomes and micelles for photoisomerization drug delivery

The photoisomerization reaction has been widely employed to destabilize liposomes and
micelles by inducing conformational changes of the amphiphilic components for drug
release.[18. 206] | this case, the liposome, composed of palmitic acid and azobenzene
modified cholesterol sulfate, exhibited triggered release of a model drug sulforhodamine B
upon UV irradiation. The drug release could be efficiently ceased when the liposome was
exposed to blue light.[207] Similar concept was adopted to develop an on-demand adjustable
local anesthesia.[208] Moreover, for a better potential application, Hindley et a/. reported

a nanosystem comprised of nested vesicles. Upon UV irradiation, inner compartments

of nested vesicles acting as the phototransducers could polymerize diacetylene chains

to induce the pore formation and subsequent the enzymatic reaction activation. The
adjustable delivery and hydrolysis of the beta-galactosidase substrate were proved, and the
reaction rate was able to be regulated by varying light exposure time. This microreactor
could be utilized in various fields such as drug release and biocatalysis.[20%] Light-
responsive micelles using spiropyran as the smart photoswitch were also developed as drug
nanocarriers. The disassembly of micelles could be controlled by the UV source due to

the reversible photochemical isomerization of spiropyran, which subsequently accelerated
the release of DOX.[210] The photoresponsive moieties could either be incorporated into

the lipid bilayer or be modified into the phospholipid’s hydrophobic tails to disrupt

the conformations of the liposomes and micelles for drug delivery.[211] Furthermore, an
impressive advance in photoisomeric liposomes is the incorporation of the azobenzene
derivatives conjugated DNA-backbones with lipid to enable controlled drug delivery of drug
after UV exposure. In this regard, the lipid-mediated self-assembled DNA nanostructure was
used to construct the drug delivery platform targeting hepatocyte growth factor receptor. The
DNA nanostructure consisted of both the lipidated GC-rich DNA intercalated with DOX and
the separate lipidated cMet-binding aptamer. The 2’, 6’-dimethyl azobenzene compounds
were incorporated into DOX-binding GC-rich DNA structure to realize photoisomerization-
triggered drug delivery for chemotherapy. The combined features of the DNA nanostructure
increased serum stability, favored cell internalization and enabled light-regulated delivery of
the chemotherapeutic into H1838 tumor cells to enhance cell mortality.[212]

4.4, Polymer nanoparticles for photoisomerization drug delivery systems

Polymer nanoparticles, such as spiropyran-indoline-PEG nanoparticles, were also employed
in chemotherapeutic docetaxel delivery.[2131 UV irradiation induced the shrinkage of the
nanoparticles from 103 to 49 nm, which enhanced tissue penetration, drug release and
cancer therapy efficiency in nude mice.[214] In a more recent study, the photoswitchable
photochromic polymersomes from hydrophilic diblock copolymer poly(ethylene oxide)-
b-PSPA were also fabricated, where SPA was carbamate linker conjugated spiropyran
monomer. After self-assembly, spiropyran moieties underwent reversible light-activated
isomerization between zwitterionic merocyanine and hydrophobic spiropyran states,
thereby enabling on-demand and switchable delivery of 4”,6-diamidino-2-phenylindole
within living HeLa cells upon varied UV-vis light irradiation.[21%] Next, the spiropyran-
incorporated copolymer could shift from hydrophobic to hydrophilic under UV exposure,
which facilitated the uncaging and delivery of the encapsulated drug.[?16] Furthermore,
the photodynamic nanoplatforms incorporating spiropyrans into highly biocompatible
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cationic copolymers were also developed, and spiropyran acted in nanomedicines as the
photosensitizer for photoactivatable generating ROS in living cells.[217]

On the other hand, the PEG-POSS-(Az0)7 polymer with tadpole shape could self-assemble
into the large vesicle. Under alternated UV and dark conditions, the azobenzene in

the polymer underwent reversible frans-cis isomerization, which resulted in the smooth-
curling transformation and quick delivery of the pre-loaded drug.[218] The other example
is related to the target-directed photoisomerization /n vivo by designing the target-
stimulated initiation and improvement of chemiluminescence strategy for disease-specific
chemotherapy. The chemiluminescence fluorophore anticancer camptothecin and substrate
were co-loaded in the nanocarriers consisting of azobenzene and cyclodextrin. H,O5 in
tumor microenvironment triggered chemiluminescence isomerized azobenzene, activating
the dissociation of nanocarriers and camptothecin delivery with high tumor-inhibition-rate.
[219] More recently, new research findings have confirmed that the atomic/molecular layer
deposition technique could be applied to synthesize crystalline iron-azobenzene thin films
using azobenzene-4,4’-dicarboxylic acid and gaseous FeCls precursors. These thin films
exhibited reversible water capture and release performances that could be activated via
trans-cis photoisomerization of azobenzene in the structure, which opened up new prospects
for on-demand controlled cargo release and gas storage.[220]

Benefiting from photoisomerization-controlled precise drug chemotherapy, other types

of isomerization structures have also been applied in polymer nanoparticles for
photoisomerization-triggered drug delivery. The charge-tunable supramolecular nanocarrier
was developed for NO combined photodynamic elimination of bacteria biofilms with
minimal collateral damage to surrounding healthy tissues upon light irradiation. The
nanocarrier was prepared by loading Ce6 prodrugs and GSH-sensitive a.-cyclodextrin linked
NO prodrugs into pH-responsive PEG block polypeptide copolymers through host-guest
chemistry. The nanocarrier showed negatively charged surfaces at pH 7.4 and reversibly
positive charged surfaces at pH 5.5, enhancing effective infiltration into biofilm, which
subsequently exhibited fast NO release and GSH reduction to promote photodynamic
biofilm killing.[221] Another example of this regard comes from the establishment of the
ATP delivery nanosystem combined of DNA nanomachines coupled with light-activated
nanoactuation with ATP aptamer into conical polyimide nanochannels. The transport line
could efficiently shepherd ATP across the polymer membrane upon alternant light exposure.
[222] Recently, the utilization of phototrexate as the first photoswitchable inhibitor of

human dihydrofolate reductases was also explored. Studies of the light-controlled human
dihydrofolate reductase enzymatic action, cell proliferation, as well as the /n vivo effects

in zebrafish showed that photoactivated c/s phototrexate behaved as the potent antifolate
while the trans configuration was inactive, opening up new avenues for light-manipulated
chemotherapies with negligible side effects (Figure 9B).[223]

More gratifyingly, considerable research effort has been devoted to the design and
fabrication of photoisomeric polymers for allowing large molecule drug (proteins and
DNA\) delivery and enzyme activity regulation. In this case, Ravoo and coworkers
developed the self-assembled ternary complexes composed of the target biomolecules the
amphiphilic cyclodextrin, as well as linker molecules with a charged functionality and
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an azobenzene unit for /n vitro photo-responsive capture and delivery of proteins and
DNA.[224] An azobenzene-containing cyclic dipeptide PAP-DKP-Lys was also applied

as the photo-responsive hydrogelator. The self-healing gels formed in the presence of

light could encapsulate and release dsDNA or DOX in a light-dependent manner.[225]
Similarly, the photo-regulated gene nanocarrier was also fabricated by grafting the PEI/DNA
nanocomplex with spiropyran-modified cationic copolymers. The nanocarrier featured
reversible singlet oxygen formation induced by spiropyrans and aggregation-prompted
improved photosensitization, allowing for greatly enhanced transgene expression (Figure
gc)_[226]

In a recent study, the amphiphilic block copolymers consisting of poly(pentafluorophenyl
methacrylate) were developed and functionalized with donor-acceptor Stenhouse adducts,
leading to visible-light-induced enhanced permeable effect of polymersome membranes
owing to switchable polarity from the nonpolar triene-enol conformation to the highly
polarizable cyclopentenone configuration. The nanoreactors could provide general strategies
to photoregulate reactions on and off in enzyme activity regulation or drug delivery.[227] |t
was also demonstrated that the light-activated nanosystem on DNA origami could be utilized
to tune enzymatic cascade reactions. Azobenzene grafted on DNA strands enabled reversible
switching of substrate positions to switchable inhibit or activate enzymatic cascade
reactions. DNA origami allowed accurate regulation of interenzyme distance to optimize

the photoregulation efficacy (Figure 9D).[228] |n addition, the novel photoresponsive
nanoassemblies with switchable dimensions and enzymatic properties from the combination
of spiropyran and lysozyme were also constructed.[22] Moreover, in efforts to develop
photoswitchable antibiotics, Feringa and coworkers introduced antibacterial nanoagents
whose activity could be efficiently regulated under visible light exposure. Light-activated
core nanostructures based on diaminopyrimidines with excellent antibacterial characteristics
were produced and further modified with azobenzene for tunable antibacterial activities in
both directions.[230]

4.5. NIR light-triggered photoisomerization drug delivery systems

Due to the potential toxicity and shallow tissue penetration ability of UV light, different
strategies have been employed to replace UV with NIR light in the photoisomerization-
based drug release systems, including applying NIR two-photon absorption and using NIR
photosensitizers, as well as incorporating upconversion nanoparticles.[231] For instance,

a NIR-responsive drug release platform was fabricated by capping photocontrollable
azobenzene-linked rotaxane onto gold nanorod-MSN core-shell nanohybrids. The drug
delivery efficacy of the nanoplatform was demonstrated in the live zebrafish embryo

models under NIR laser stimulation, showing significant drug infiltration into adjacent
tissues.[232] In another case, the MSN nanovalve arising from the conjugated azobenzene
and two-photon fluorophore was developed. When cultured with target cancer cells and
exposure to high power laser for a short period of time, the nanovalves showed efficient two-
photon activated drug delivery and killing of cancer cells.[231a] Similarly, the MSN modified
with azobenzene and the original two-photon fluorophore moieties was also designed. NIR
prompted the two-photon excitation and appreciable Forster resonance energy transfer to
the azobenzene, subsequently triggering the release of camptothecin and induced cancer
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cell death in vitro.12310] Another active area of research is to develop modified azobenzene-
based photoswitches with responsiveness to visible or NIR light.[233] The redshifted
photoswitchable control could be obtained through the incorporation of an azobenzene
photoswitch in the fatty acid chains and modification of tetra-ortho-chlorination to the fatty
acid azobenzene.[234] NIR-absorbing azobenzene compounds offered great potentials in the
development of NIR-modulated accurate drug delivery /in vivo.[2332. 235] Red-light-activated
supramolecular valves fabricated by B-cyclodextrin and tetra-ortho-methoxy-substituted
azobenzene were applied to regulate DOX delivery from MSN.[236]

Another strategy to apply NIR light for photoisomerization drug delivery is to incorporate
UCNPs.[237] Considerable effort on designing NIR responsive UCNPs integrated with
photolabile azobenzene to deliver various drug payloads has been made. Idris et al.

were among the first groups to utilize MSN-coated UCNPs as the nanotransducer to

shift NIR light with the deep tissue penetration ability to visible wavelengths, as well

as the nanocarrier for photosensitizer delivery. The multiwavelength-emission ability of
UCNPs by using a single excitation source enabled synchronous stimulation of two
photosensitizers for improved photodynamic therapy for noninvasive deep-cancer therapy.
[238] By encapsulating UCNPs with azobenzene-functionalized MSN using NIR light, a
novel paradigm for accurate /n vitro regulation of drug amount by applying NIR light

was demonstrated. The dosage of delivered drug could be precisely regulated by changing
the time duration or power of NIR irradiation.[239] The liposomes containing azobenzene
derivatives and the phospholipid modified UCNPs were also developed for remote accurate
regulation of drug delivery to overcome multidrug-resistant in cancer therapy upon 980

nm NIR irradiation.[2370] More recently, by grafting of hyaluronic acid and HIV-1

TAT peptide with DNA-azobenzene-UCNPs nanodevices, Ju and coworkers successfully
developed the nanopump for targeted photoactivable DOX delivery. Upon NIR irradiation,
UCNPs emitted visible and UV lights to fuel continuous azobenzene photoisomerization
to activate switchable DNA hybridization and dehybridization for 86.7% DOX delivery

for efficient anticancer therapy (Figure 10A).[2401 Similar to the operating mode of the
UCNPs mentioned above, the nanocapsules based on up/downconversion nanoparticles
and layer-by-layer self-assembly of azobenzene conjugated polymers were also fabricated
(Figure 10B). Under NIR irradiation, the nanocapsules were able to decompose into small
up/downconversion nanoparticles from original large-sized framework through triggering
azobenzene photoisomerizations of moieties in nanocapsules. The original nanocapsules
(180 nm) were able to achieve prolonged blood circulation and high tumor accumulation.
After NIR light exposure, the small 20 nm nanoparticles could be eliminated from cancer
tissue within an hour and deliver the encapsulated anticancer drug for chemotherapy.[241]
In addition, the trans-platinum(IV) prodrug could be efficiently switched to cytotoxic
platinum(11) through the NIR-to-UV method based on a multifunctional upconversion drug
delivery platform.[242] Moreover, nanosystems to realize NIR-triggered reversible bacterial
clustering were also synthesized. The nanosystems composed of photoisomeric azobenzene
glycoconjugates and B-cyclodextrin functionalized UCNPs. Under NIR irradiation, UCNPs
activated the azobenzene isomerization, resulting in nanosystem dissociation and bacterial
cluster dispersion, opening up new perspectives for technological breakthroughs of anti-
virulence therapeutics (Figure 10C).[243]
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Similarly, UCNP nanocomposites combined with photoactive spiropyran have also been
developed to release different cargos from small molecular drugs (antitumor prodrugs/drugs)
to therapeutic macromolecules (DNA, RNA, proteins and enzymes). Qu’s group for the
first time developed a facile DNA-mediated solvothermal strategy for the construction of
hollow UCNPs that could be used to achieve NIR light-regulated non-invasive protein
delivery. After conjugated with photosensitive spiropyran dye, NIR triggered release was
performed in living cells. Importantly, intracellular NIR activated delivery of enzyme

in a high spatial and temporal accuracy was realized and the uncaged enzyme also

retained its bioactivity.[244] In a follow-up study, they also designed the NIR-activated cage
mimicking the nanosystem by anchoring spiropyran on MSN coated UCNPs. Hydrophobic
anticancer payloads could be concealed in nanosystems and released v7a NIR light-
activated photoisomerism of spiropyran. Furthermore, the UV and visible light emissions
from UCNPs could trigger ROS generation by curcumin after NIR irradiation, further
enhancing the antitumor efficacy (Figure 10D).[243] In addition, precise photodynamic
therapy could also be achieved by constructing the nanoarchitecture of MSN-encapsulated
UCNPs containing porphyrin photosensitizers embedded in silica walls and photochromic
diarylethene loaded in MSN pores. NIR irradiation resulted in the photoisomerization

of diarylethene from close to open conformation, enabling complete recovery of 10,
generation ability for switchable photodynamic cancer therapy.[246]

Although reversible photoisomerization provides an opportunity to develop cyclic on and off
multi-pulse delivery platforms for drug delivery in vivo, there are some limitations that may
hinder its use in practice. One concern of the photoisomerizable molecules is its potential
toxicity /n vivo. For example, some azobenzene molecules can be irreversibly degraded with
light irradiation or by azoreductase,[247] which is an enzyme generated by bacteria in the
gastrointestinal tract.[248] Unfortunately, several degradation products such as nitrobenzene,
are considered toxic by the US Food and Drug Administration.[24%] Design and development
of photoisomerization delivery vehicles with additional functionalities is another important
issue that needs to be addressed in future studies. For instance, the photoisomerization
induced size change of the nanoplatform may be advantageous for cancer therapeutic
applications, where the tissue microenvironment can facilitate drug targeting. Up to now,
there have already been some approaches to improve the photoisomerizable on-demand drug
release systems, such as designing new photoisomerizable groups that respond to visible

or NIR light. These photoisomerizable groups have already been incorporated into delivery
vehicles.[233a] /7 vivo researches are underway to further investigate the safety and efficacy
of these systems.

5. Outlook

The application of light for therapeutic purposes can be traced back several thousand years.
Light is a clean and effective external stimulus that does not require physical contact.
Consequently, light has drawn great attention in the past decade and has been widely applied
in stimuli-triggered drug release systems.[690. 2501 Up to now, the light-controlled drug
delivery has been successfully utilized in chemotherapy,[251] small molecular gas delivery,
[83c, 252] gene therapy, 12 2531 photodynamic therapy,[254] anesthetic,[88] antibacterial,

[83b, 255] immunotherapy,[101: 2561 stem cell differentiation[6%] and photocaged cell
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adhesion,[257] etc. (Figure 11). UV light is the most common wavelength to be used since
most photoactivatable molecules respond to UV light irradiation. Unfortunately, the clinical
application of UV light is restricted by its low tissue penetration ability and cytotoxic
effects on biological molecules. NIR light with safer characteristics and deeper tissue
penetration has attracted significant attention for utilization in medicine and smart photo-
responsive drug delivery systems. The photoresponsive reactive components should not only
respond to low-energy and long-wavelength lights, but also remain photochemically inert
and stable under physiological and dark conditions. These photoresponsive reactive species
with tuneable absorbance properties may propel the existing promising light-controlled drug
delivery platforms for clinical application. In addition, the biocompatibility of these light-
responsive drug-delivery systems remains an important consideration for researchers. Up to
date, a wide spectrum of biomaterials has been applied for photo-triggered drug delivery,
ranging from inorganic nanocarriers including silica nanoparticles, metallic nanocomposites,
carbon nanomaterials, and upconversion nanoparticles, to organic nanocarriers such as
liposomes, micelles and polymer nanoparticles. Inorganic nanocarriers with high porosity or
large surface areas usually permit high drug loading efficiency and multiple functionalities
including targetability. In addition, many of these inorganic nanocarriers possess unique
shape and size-dependent optical, magnetic, and electronic properties, which create a great
promise for their imaging-guided therapy applications. However, due to the long-term
accumulation in certain tissues after administration, the /7 vivo toxicity and difficult
degradation properties of such inorganic nanocarriers may pose risks or potential side
effects to the body. Compared with inorganic biomaterials, many organic nanocarriers

have equipped with unique characteristics including good biocompatibility and easy
biodegradability. However, some of them are unstable during delivery and thus more

prone to causing undesired side effects owing to the drug loss. Therefore, investigations

of hybrid biomaterials combining particular features of organic and inorganic nanocarriers
are still needed in developing potentially clinically relevant phototherapy. Moreover, the
photo-triggered drug delivery systems may result in the generation of new photolabile
groups that may produce toxicity. As a result, most of these systems are limited to /n

vitro applications owing to biocompatibility issues. Therefore, the development of highly
biocompatible nanoparticles even after light irradiation is urgently needed. Furthermore,
although some /n vivo studies have been performed, they are restricted to small animals.
Their translational potential remains uncertain, awaiting further research.

Secondly, the majority of the light-controlled drug delivery systems are irreversible. Light
often induces an irreversible change of the drug carrier, limiting the control of drug
delivery profile. The establishment of reversible light-controlled drug delivery systems with
cytocompatible wavelengths remains of great importance to adjust therapeutic effects /n
vivo. Incorporation of photoswitchable molecules, such as spiropyrans and azobenzenes,
has succeeded in creating reversible constructs.[2%8] In the future, the exploration of other
biocompatible photoisomerization agents, such as light-responsive proteins, which undergo
conformational changes or reversible dimerization, may pave the way to wider applications
for light-controlled drug delivery systems.

The independent construction of different photoreactions within the same individual is also
appealing for the clinical trial arena of the photo-triggered drug delivery systems. The
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application of two independent photomodulation drug delivery systems in one individual
therapy remains challenging, because the unexpected coexcitation of the photoactive species
usually occurs due to the overlap of their excitation spectra. Continued effort must
concentrate on designing photoactive components that possess well-separated maximum
absorbance peaks and narrow absorption bandwidths to confirm the independent activation.
[259] Thereafter, the combinational light-activated on-demand drug delivery platforms that
can independently release distinct therapeutics can be achieved, which would be useful to
investigate the biological importance of different physiochemical cues. Furthermore, more
attention should be given to designing delivery vehicles with additional functionalities
besides the light-triggered release of drugs.

6. Conclusion

External control of drug delivery by light allows accurate spatial resolution and temporal
regulation over the release of a broad range of therapeutic compounds, including but

not limited to small molecule drugs, proteins and genes. These light-actuated on-demand
drug-release platforms have been designed to combat diseases ranging from cardiovascular
disorders to chemotherapy, infection and inflammation control. In this review, we provide

a comprehensive summary on light-controlled drug delivery systems, including recent
progress, key limitations and challenges, and future directions. Future research should aim
to translate light-responsive system-based therapy. Moving at a fast pace fuelled by ongoing
breakthroughs in nanomaterials and nano-optics, this exciting field may impact controlled
drug delivery and healthcare with significant societal benefit.
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Figure 1.
Schematic illustration of light-controlled drug delivery.
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(A) Schematic illustration of ROS cascade-responsive drug release of PEG-stearamine
conjugate nanomicelles loaded with DOX and pheophorbide A for enhanced regional
chemo-photodynamic therapy. Reproduced with permission.[4%] Copyright 2020, Elsevier.
(B) Synthesis of NIR photoactivatable semiconducting polymer nanoblockaders for
metastasis-inhibited cancer therapy. Reproduced with permission.[301 Copyright 2019,
Wiley-VCH. (C) Chemical structure and self-assembly of NIR photolabile semiconducting
polymer nanotransducer. Schematic of photolabile semiconducting polymer nanotransducer-
mediated delivery and photoregulation of CRISPR/Cas9 gene editing under NIR light
irradiation. Reproduced with permission.[53] Copyright 2019, Wiley-VCH.
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Figure 3.

(A) Schematic illustration of the structure of tirapazamine/upconversion
nanoparticle@porphyrinic MOFs and their application to tumor treatment through

a combination of NIR light-triggered photodynamic therapy and hypoxia-activated
chemotherapy with immunotherapy. Reproduced with permission.[®8] Copyright 2020,
American Chemical Society. (B) Schematic illustrations of synthesis of upconversion
nanocapsules, and folate receptor-mediated cellular uptake and NIR modulated intracellular
SiRNA delivery and therapy. Reproduced with permission.[67] Copyright 2018, Elsevier.

(C) Schematic illustration of an upconversion-nanoparticle-centered Au nanoparticles
tetrahedron used for senescence clearence. Reproduced with permission.[72] Copyright 2020,

Wiley-VCH.
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(A) Schematic representation of selenium-inserted polymeric nanoparticles with immediate
drug release and highly efficient cytoplasmic translocation features upon NIR irradiation

for combined chemo-photothermotherapy. Reproduced with permission.[78] Copyright 2017,
American Chemical Society. (B) Formation and mechanism of the light-activated shrinkable

nanoplatform. Reproduced with permission.[”®] Copyright 2018, American Chemical

Society. (C) Schematic of how the photo-triggered nanoplatforms worked in combination
with hypoxia-triggered and photodynamic therapy strategy. Reproduced with permission.[8]
Copyright 2018, American Chemical Society.
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A brief history of the application of nanomaterials for photothermally controlled drug
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Figure 6.
(A) Schematic illustration of synergistic anticancer system combining photothermal

treatment and inflammation-mediated active targeting chemotherapy. (B) The synergistic
therapeutic efficiency of photothermal therapy and inflammation-mediated active targeting
chemotherapy. The growth profiles of tumors in mice that received different treatments.
The HE staining and immunohistochemical staining (caspase-3) of tumor sections after
administration of different treatments. Reproduced with permission.[104] Copyright 2019,
Wiley-VCH. (C) Rational design and applications of Se@carbon nanotubes in cancer
chemo-photothermal therapy. (D) 7,weighted magnetic resonance images of MDA-
MB-231 tumor-bearing mice after various treatments for 14 days. Reproduced with
permission.[116] Copyright 2018, Wiley-VCH.
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Figure7.

(A) Schematic of membrane fusion and coating. Membrane materials are derived from red
blood cells and B16-F10 cells and then fused together. The resulting hybrid membrane

is used to camouflage DOX-loaded hollow copper sulfide nanoparticles to produce
nanoparticles for synergistic photothermal/chemotherapy of melanoma. Reproduced with
permission.[120] Copyright 2018, American Chemical Society. (B) Synthetic process

and therapeutic mechanism of BSA-IrO, NPs. Temperature-dependent H,O,-triggered

O, generation/consumption of 1,3-diphenylisobenzofuran under irradiation/concentration-
dependent photothermal curves by BSA-IrO, NPs. /n vitro photoacoustic images and
photoacoustic signals of BSA-1rO, NPs at different concentrations of Ir and upon

the addition of H,O5, as well as CT images and Hounsfield unit values of BSA-

IrO, NPs solutions. Reproduced with permission.[124] Copyright 2018, Wiley-VCH. (C)
Illustration of atomic-level nanorings, a theranostic agent for photoacoustic imaging,
photodynamic therapy and photothermal therapy for cancer. Reproduced with permission.
[128] Copyright 2020, American Chemical Society. (D) Schematic illustration for the
synthesis and underlying mechanisms of tungsten-based polyoxometalate nanoclusters
for non-inflammatory photothermal therapy with rapid renal clearance. Reproduced with
permission.[144] Copyright 2020, American Chemical Society.
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Figure8.
(A) Schematic illustration of the preparation of L1057 NPs as a theranostic agent.

Reproduced with permission.[158] Copyright 2020, American Chemical Society. (B)
Schematic illustration of polymer-dispersed liquid crystal nanoparticles for chemo-
photothermal treatment for AB aggregation. Reproduced with permission.[16% Copyright
2020, Wiley-VCH. (C) Schematic illustration of Cy7-2-dicyanomethylene-3-cyano-4,5,5-
trimethyl-2,5-dihydrofuran self-assembly into a nanodisc to exhibit the phototheranostic
functions and accumulation at tumor site, thereby improving the imaging-guided cancer
therapeutic efficacy /n vivo. Reproduced with permission.[174] Copyright 2020, Wiley-
VCH. (D) Schematic illustration of fabrication of eukaryotic-prokaryotic vesicles coated
poly(lactic-co-glycolic acid)-indocyanine green moiety-implanted eukaryotic-prokaryotic
vesicle nanovaccine. Survival curves of mice after various treatments. Flow cytometric
analysis of PE-labeled T-Select MHC Tetramer-positive cells gated CD8* cells expressed
in the therapeutic efficacy trial. Reproduced with permission.[17>] Copyright 2020, Wiley-
VCH.
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Figure9.
(A) Synthesis of light-responsive azobenzene-functionalized covalent organic framework

(TTA-AzoDFP) obtained under solvothermal conditions. Schematic representation of

the release of Rhodamine B from the pores of TTA-AzoDFP after UV irradiation,

UV-Vis generated release profile of Rhodamine B-loaded TTA-AzoDFP upon UV
irradiation. Reproduced with permission.[293] Copyright 2019, American Chemical Society.
(B) Chemical structures of phototrexate in the fransand cis configurations. Zoomed

views of cis (in purple) phototrexate superimposed on the crystallographic structure

of methotrexate (in orange) in the active site of the human dihydrofolate reductase.

HeL a cell viability assay at different concentrations of methotrexate, cis-phototrexate

and trans-phototrexate. Reproduced with permission.[223] Copyright 2018, American
Chemical Society. (C) Schematic presentations of sequential self-assembly preparation

of photosensitizer-containing copolymer ternary polyplexes, and light-induced reversible
10, generation. Reproduced with permission.[226] Copyright 2019, American Chemical
Society. (D) Schematic illustration of synthetic light-driven substrate channeling for precise
regulation of enzyme cascade activity on DNA origami with different wavelength of light.
Reproduced with permission.[228] Copyright 2018, American Chemical Society.
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Figure 10.
(A) Schematic illustration of UCNPs-DNAazo/DOX assembly and UCNPs-DNAzo/

DOX-TAT-hyaluronic acid synthesis. Reproduced with permission.[240] Copyright 2019,
Wiley-VCH. (B) Illustration of the fabrication of the up/downconversion nanoparticle
functionalized hollow polymer nanocapsules and the NIR light induced decomposing
process from 180 nm nanocapsules to scattered polymers and 20 nm up/downconversion
nanoparticles. Reproduced with permission.[241] Copyright 2018, Wiley-VCH. (C)
Schematic illustration of NIR-driven reversible bacteria clustering. Reproduced with
permission.[243] Copyright 2019, Elsevier. (D) Schematic illustration of NIR-controlled
cage mimicking system for Curcumin delivery through spiropyran modified on mesoporous
silica coated upconvertion nanoparticles. The Curcumin release by taking advantage of

the upconversion capability of UCNP and the conformational transformation of spiropyran
molecules immobilized on mesoporous silica. Reproduced with permission.[24%] Copyright
2017, Elsevier.
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Applications of light-controlled drug delivery.
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